Cetyltrimethylammonium bromide (CTAB)-based surfactants are typically used as morphology-directing/ stabilising agents for gold nanorods (AuNRs), forming bilayers on their surface. However, the biological applications of AuNRs require the removal of surface-bound CTAB due its high toxicity and the poor colloidal stability of CTAB-covered AuNRs in biological media. Herein, we report a simple and effective strategy for removing surface-bound cetyltrimethylammonium (CTA) cations from poly(ethylene glycol)thiolate-protected AuNRs (PEG-AuNRs) by treatment with dimethyl sulfoxide/citric acid (DMSO/Cit), achieving residual CTA ion levels that cannot be detected by highly sensitive mass spectrometry or X-ray photoelectron spectroscopy (XPS) techniques. The DMSO/Cit treatment is thought to destabilise the Ag-Br-CTA complex on AuNRs, since citric acid forms strongly bound chelate complexes with CTA cations.
Introduction
The unique optical properties of gold nanorods (AuNRs) make them a popular research target for applications such as imaging, 1,2 biomolecular sensing, 3,4 photothermal therapy, 5, 6 and molecule delivery in biological systems. 7, 8 Although cetyltrimethylammonium bromide (CTAB)-based surfactants are typically utilised as morphology-directing agents and dispersion stabilisers [9] [10] [11] in the synthesis of AuNRs, the biological applications of these nanorods require the removal of surfacebound CTAB due to its high toxicity and the poor colloidal stability of CTAB-protected AuNRs (CTAB-AuNRs) in biological media.
9-11
Several AuNR surface modications by ligand exchange have been proposed to enhance the biocompatibility and colloidal stability of AuNRs in biological media. [12] [13] [14] [15] [16] [17] [18] [19] Poly(ethylene glycol) thiol (PEG-SH) is one of the most important ligands used for this purpose, imparting superior biocompatibility and colloidal stability to PEG-S-protected AuNRs (PEG-AuNRs). 7, [20] [21] [22] [23] [24] Fabrication of PEG-AuNRs with subsequent CTAB stripping has been attempted using several ligand exchange strategies such as the use of additives, 19 buffers, 23 ethanol, 22 and extraction with chloroform. 24 However, CTAB molecules cannot be easily displaced from the AuNR surface by thiolate ligand exchange, and a certain fraction of CTAB remains bound (particularly on the lateral faces of AuNRs) to PEG-AuNRs.
12,24,25
Surface-assisted laser desorption/ionisation mass spectrometry (SALDI-MS) is probably the most sensitive method of detecting residual CTAB on AuNRs, since quaternary ammonium ions have a strong capacity to be desorbed and ionised in LDI-MS. 24, 25 The ionisation principle of SALDI is similar to that of matrix-assisted laser desorption/ionisation mass spectrometry (MALDI-MS), [26] [27] [28] with the UV-absorbing organic matrix commonly used in MALDI replaced by UV-absorbing nanomaterials such as gold nanoparticles. 28 The organic matrix-free ionisation technique of SALDI-MS can avoid interference caused by organic matrix molecules in the low-mass region (below 500 Da). In particular, SALDI-MS allows highly sensitive detection of analytes adsorbed on the surface of gold nanoparticles via energy transfer from gold to the analyte. [26] [27] [28] For instance, Liz-Marzán and co-workers demonstrated the presence of CTAB on PEG-AuNRs by SALDI-MS. 24 Schulz and coworkers reported that although CTAB could not be identied in puried samples of PEG-AuNRs by nuclear magnetic resonance and X-ray photoelectron spectroscopy (XPS), the presence of residual CTA ions could be conrmed by SALDI-MS. 25 Thus, the development of an effective strategy for removing surfacebound CTA cations from PEG-AuNRs is highly challenging.
Herein, we have developed an effective strategy for removing surface-bound CTA cations from PEG-AuNRs via simple washing with a dimethyl sulfoxide/citric acid (DMSO/Cit) solution. CTAB removal was conrmed by SALDI-MS and XPS analyses and explained by the destabilisation of the Ag-Br-CTA complex on the AuNR surface via DMSO/Cit treatment. 
Synthesis of CTAB-protected AuNRs (CTAB-AuNRs)
CTAB-AuNRs were prepared according to the photomediated method developed by Niidome and co-workers. 29 Briey, acetone (0.1 mL) was added to a mixture of aqueous solutions of CTAB (5 mL, 0.5 M), HAuCl 4 (0.5 mL, 24 mM), and AgNO 3 (0.5 mL, 10 mM). Upon addition of ascorbic acid solution (0.5 mL, 40 mM), the yellow colour of the reaction mixture vanished, and the resulting solution was irradiated using a high-pressure mercury lamp for 5 min and le to stand for 1 h.
Synthesis of PEG-S-protected AuNRs (PEG-AuNRs)
The as-prepared CTAB-AuNR solution (absorbance ¼ 0.3 at 900 nm; 1 mL) was centrifuged at 10 000 rpm for 10 min, decanted, and re-suspended in 1 mL of water to remove excess CTAB. An aqueous solution of PEG-SH (0.05 wt%/Au atom; 0.01 mL) was added to the AuNR dispersion, and the resulting mixture was stirred for 12 h at 30 C. Subsequently, AuNRs were collected by centrifugation at 10 000 rpm for 3 h, decanted, and re-suspended in 1 mL of water, and the process was repeated two more times. Finally, the produced PEG-AuNRs were dialyzed for two days using a dialysis membrane. It is unlikely that some degree of AuNRs fuses during the ligand exchange process, since UV-vis bands were unchanged before and aer the ligand exchange (Fig. S1 in ESI †).
Synthesis of PSS-protected AuNRs (PSS-AuNRs)
A solution of CTAB-AuNRs (absorbance ¼ 0.3 at 900 nm; 1 mL) was centrifuged at 14 800 rpm for 10 min, decanted, and resuspended in 1 mL of water to remove excess CTAB, and the process was repeated two more times. The obtained precipitate of AuNRs was re-suspended in aqueous PSS (1 mL, 0.38 wt%) and the resulting solution was incubated at 30 C for 1 h, followed by another three precipitation/re-suspension cycles. At the third time, an incubation time of 24 h was used. Aer incubation, the PSS-AuNR solution was centrifuged at 14 800 rpm for 10 min, decanted, and re-suspended in 1 mL of water. The CTAB-to-PSS ligand exchange on AuNRs was conrmed by the zeta potential change (from +25 mV for CTABAuNRs to À41 mV for PSS-AuNRs) in the presence of 1 mM NaCl using a Zetasizer Nano ZSP instrument (Malvern Instruments).
Synthesis of citric acid-protected AuNRs (Cit-AuNRs)
Cit-AuNRs were prepared according to a previously described method. 18 
CTA removal from PEG-AuNRs by DMSO/Cit treatment
Step 1: a solution of PEG-AuNRs (absorbance ¼ 0.3 at 900 nm; 1 mL) was centrifuged at 14 800 rpm for 30 min, decanted, and the obtained pellet was re-suspended in 1 mL of water. This process was repeated two more times.
Step 2: the PEG-AuNR solution obtained above was further centrifuged at 14 800 rpm for 30 min, decanted, and the obtained pellet was re-suspended in a solution of citric acid in DMSO (1 mL; 2, 10, or 100 mM). The resulting solution was gently stirred for 2 h at 30 C, and the above process was repeated two more times.
Step 3: the puried PEG-AuNR solution was centrifuged at 14 800 rpm for 30 min, and the obtained pellet was re-dispersed in water. The above process was repeated two more times.
For comparison, PEG-AuNRs were also treated with DMSO, 10 mM aqueous citric acid, and 10 mM aqueous Na 2 S 2 O 3 , using the same washing procedure as for DMSO/Cit treatment.
Characterisation
Field-emission scanning electron microscopy (FE-SEM; JSM-6700, JEOL, Japan) imaging was performed at an acceleration voltage of 5-30 kV. Absorption spectra were recorded between 400 and 1100 nm using a V-670 UV/visible/NIR spectrophotometer (JASCO Corporation, Japan). Surface analysis was performed by XPS (Al K a radiation, 1486.60 eV; PHI 5700 ESCA System, USA).
For SALDI-MS analyses, a 1 mL aliquot of PEG-AuNR solution (absorbance ¼ 1.0 at 900 nm) was centrifuged at 14 800 rpm for 30 min, decanted, and 1 mL of precipitate solution was spotted on the MALDI plate and dried under reduced pressure. SALDI mass spectra were recorded in linear mode using an AXIMA CFR TOF mass spectrometer (Shimadzu, Kyoto, Japan) with a pulsed nitrogen laser (337 nm). One hundred laser shots were used to acquire mass spectra. Analyte ions were accelerated at 20 kV under delayed extraction conditions. Fig. 1a shows an SEM image of PEG-AuNRs prepared from CTAB-AuNRs by ligand exchange, 7, [21] [22] [23] [24] revealing that the assynthesised AuNRs exhibited an aspect ratio of $5 (length: 45 AE 2 nm, width: 9.0 AE 1 nm). The UV-vis absorbance spectrum of PEG-AuNRs showed bands at 508 and 889 nm, corresponding to transverse and longitudinal surface plasmon resonance of AuNRs, respectively (Fig. 1b) . UV-vis bands were unchanged aer treating PEG-AuNRs with DMSO/Cit, DMSO, and Cit, indicating that the morphology and size of PEG-AuNRs were preserved. Fig. 2 shows SALDI mass spectra of CTAB-AuNRs, PSSAuNRs, and Cit-AuNRs obtained at a laser power (LP) of two. For CTAB-AuNRs, a strong CTA cation signal with an intensity of $1300 mV was observed at m/z ¼ 284. The intensity of this signal decreased aer ligand exchange, equalling $260 mV for PSS-AuNRs and $70 mV for Cit-AuNRs, and reecting the decreased amount of CTA cations (Fig. 2a) . However, these signals were still observable, indicating the presence of residual CTA cations. The signal of CTA cations ($50 mV) was also observed in SALDI mass spectra of untreated PEG-AuNRs at an LP of two (Fig. 2b) .
Results and discussion
To remove residual CTA cations, PEG-AuNRs were treated with DMSO/Cit (10 mM), with other treatments performed for comparison (10 mM Cit, 10 mM Na 2 S 2 O 3 , and DMSO). As a result of these treatments, the SALDI-MS intensities of CTA ion signals dramatically decreased. Since the intensities of these signals increase with increasing LP, we determined them at different LP values, as shown in Fig. 3a . For PEG-AuNRs subjected to DMSO/Cit (100 mM) treatment, these intensities were very low (<1 mV) or not detectable even at a high LP of 50. In contrast, strong signals were observed at LP ¼ 50 for PEGAuNRs subjected to other treatments. For the DMSO/Cit treatment, the concentration of citric acid is important for efficient CTA ion removal. Thus, treatment with 10 mM citric acid in DMSO proved to be insufficient for removal of CTA cations from PEG-AuNRs, as evidenced by the strong CTA ion signal (Fig. 3a) . Treatment with 100 mM citric acid in DMSO was most effective, with no CTA cations observed on treated PEG-AuNRs even at LP ¼ 50 (Fig. 3b) .
It should be noted that the SALDI-MS of CTA cations on AuNRs lacks quantitative information. The peak intensity of CTA cations would depend on the adsorption states as well as the adsorption amount; we cannot change the adsorption states of CTA cations on AuNRs systematically. As a result, it is difficult to construct the calibration curve of adsorbed CTA cations on AuNRs. Therefore, we examined the detection limit of CTA cations on AuNRs by spiking of CTAB solutions into the AuNRs aer DMSO/Cit (100 mM) treatment. The detection limit was 10 ppt (Fig. S2 †) . Therefore, we speculate that the present method has removed CTA cations to a concentration lower than 10 ppt.
Surface analysis of PEG-AuNRs was performed using XPS, 18, 19, [30] [31] [32] which conrmed the removal of residual CTA cations from PEG-AuNRs aer DMSO/Cit (100 mM) treatment. Fig. 4 shows a survey XPS spectrum (a) and N 1s (b) and Ag 3d (c) high-resolution (regional) XPS spectra of PEG-AuNRs aer DMSO/Cit (100 mM) treatment. For treated PEG-AuNRs, the N 1s (401 eV) peak was absent, supporting the absence of CTA cations indicated by SALDI-MS, whereas Ag 3d peaks at 368 and 373 eV were still observed.
Several studies have conrmed that CTAB is present on the surface of AuNRs as a bilayer, with electrostatic interactions of the ammonium headgroup and AuNR surface involving metal (Au or Ag)-bromide complexes. [33] [34] [35] It is proposed that silver provides the aspect ratio control of AuNRs. 29, 36 According to Hubert et al., complementary XPS and quartz crystal microbalance analyses indicate that the Ag-Br-CTA complex is much stronger adsorbed on the Au surface than pure CTAB and other halide-CTAs.
31 DMSO dissolves the AgBr 37 and the inhibitory effect of DMSO on micelle formation of CTAB was also reported. 38 Citric acid is an effective chelating agent, forming complexes with CTA cations and contributing to the dispersion stability of AuNRs via citrate adsorption on their surface. 18 The CTA-citrate complex is believed to dissolve in DMSO, resulting in effective CTA cation removal from PEG-AuNRs. Most likely, therefore, the DMSO/Cit treatment destabilises the Ag-Br-CTA complex on AuNRs.
However, the presence of a small amount of residual Ag on PEG-AuNRs even aer DMSO/Cit treatment was demonstrated by XPS, which is possibly explained by the formation of a Au/Ag alloy on the surface. The removal of Ag atoms from PEG-AuNRs was attempted using oxidative etching with sodium thiosulfate. Silver halides (e.g., AgBr) are known to dissolve in aqueous thiosulfate: 2S 2 39 However, treatment of PEG-AuNRs with sodium thiosulfate and the resulting oxidative surface etching induced their aggregation. Thus, the DMSO/Cit treatment is more suitable for removing CTA cations, avoiding nanorod aggregation.
Conclusions
In this study, we consistently demonstrated a simple and effective strategy for removing surface-bound CTA ions from PEG-AuNRs by DMSO/Cit treatment coupled with advanced purication strategies. The above removal is highly efficient, as proven by the fact that CTA ions could not be unambiguously identied by highly sensitive SALDI-MS and XPS techniques. Most likely, the DMSO/Cit treatment destabilises the Ag-Br-CTA complex on AuNRs, and the formed chelate CTA-citrate complexes dissolve in DMSO, achieving effective removal of CTA ions. Moreover, citric acid also contributes to the stability of AuNR dispersions via citrate ion adsorption on the nanorod surface. If the DMSO/Cit treatment is proven to be effective for other thiol-monolayer-protected AuNRs in future studies, it will enable the synthesis of biocompatible AuNRs with very low toxicity that are potentially applicable in biological/medical imaging and photothermal/photodynamic therapy.
